CONSPECTUS: Peptide amphiphiles (PAs) are small molecules that contain hydrophobic components covalently conjugated to peptides. In this Account, we describe recent advances involving PAs that consist of a short peptide sequence linked to an aliphatic tail. The peptide sequence can be designed to form β-sheets among the amino acids near the alkyl tail, while the residues farthest from the tail are charged to promote solubility and in some cases contain a bioactive sequence. In water, β-sheet formation and hydrophobic collapse of the aliphatic tails induce assembly of the molecules into supramolecular one-dimensional nanostructures, commonly high-aspect-ratio cylindrical or ribbonlike nanofibers. These nanostructures hold significant promise for biomedical functions due to their ability to display a high density of biological signals on their surface for targeting or to activate pathways, as well as for biocompatibility and biodegradable nature.
■ INTRODUCTION
Peptide supramolecular assemblies can compete with designed proteins in their capacity to offer useful biological functions and structural diversity to synthetic soft matter. This potential is particularly interesting given the possibility of integrating multiple biological functionalities into a supramolecular scaffold of peptides. From a structural perspective, peptide assemblies can generate filaments, 2D-sheets, spheres, networks, tubes, helices, and more complex shapes that will no doubt be discovered in the future as we learn to master morphogenesis of peptide assemblies. This Account focuses on a peptide amphiphiles (PAs), an important family of peptides with enormous potential to create biological functionality and structure. These molecules are peptides modified with hydrophobic segments, such as lipid tails, at their termini or at specific residues in the sequence.
Early reports on the synthesis of lipidated peptides used solution reactions, 1, 2 and subsequently Tirrell and co-workers reported the use of a more efficient method using solid-phase synthesis. Previous work on lipidated peptides was motivated by interest in the use of molecules to investigate bioactivity in environments that mimic cell membranes, 3 and also by their role in eukaryotic cells. 4 In 2001 the Stupp laboratory reported the first example of PA molecules that self-assembled into long nanofibers with the capacity to form hydrogel biomaterials and mimic the extracellular matrix. 5 These nanofibers could display biological signals on their surfaces, and hydrogel formation could be driven by a decrease in charge density on the amino acid residues. 5 Additionally, these first supramolecular PA nanofibers were designed to nucleate apatite crystals on their surfaces with specific crystallographic orientation relative to the fiber axis, mimicking the nanoscale structure of bone, and to enable covalent capture of the supramolecular assemblies through oxidative coupling of cysteine residues in the peptide sequence. Since the first report in 2001, the Stupp laboratory has continued to study PAs. Typical fiber-forming PA molecules from our laboratory consist of a peptide sequence, often containing fewer than 10 amino acids, linked to an aliphatic tail with more than 10 carbon atoms (Figure 1, center) . The peptide sequence contains a domain adjacent to the alkyl tail with a high propensity to form β-sheets, followed by charged residues to promote solubility in water, and in some cases ending with spacers for molecular flexibility linked to a bioactive component. In water, hydrophobic collapse of the aliphatic tails and formation of hydrogen bonds among the peptide segments leads to the formation of "filamentous" assemblies, often with a high aspect ratio owing to the β-sheet domain. These assemblies can be structured as cylinders, ribbons, twisted structures, or aggregates of more than one fiber, among others (see Figure 1) . 6 We have extensively studied how the molecular structure of the PA molecules, especially the peptide sequence and the alkyl tail, influence the β-sheet character, morphology, surface chemistry, and potential bioactivity of the resulting nanostructures. 7, 8 We have also investigated various methods to induce assembly, including concentration, pH, and the presence of divalent ions. 7, 8 Our group has had a longstanding interest in PAs as functional materials, especially for regenerative medicine and cancer therapy, owing to their ability to interact with cells through a high density of surface signals and mimic the extracellular matrix. 9 We have included bioactive epitopes on the nanofiber surface and shown them to have tumoricidal activity. For example, we discovered a nanostructure that induced breast cancer cell death by caspaseindependent and Bax/Bak-independent mechanisms associated with membrane disruption, inducing cell death more robustly in transformed breast epithelial cells than in untransformed cells, suggesting a degree of tumor selectivity. 10 Using an orthotopic mouse xenograft model of breast cancer, systemic administration of different cytotoxic nanostructures significantly reduced tumor cell proliferation and overall tumor growth, demonstrating the potential of multifunctional PA nanostructures as versatile cancer therapeutics. 11 Another method in which PAs can affect tumors is through pH-dependent structural changes, which we have shown can influence drug encapsulation and tumor accumulation. 12 PAs have also shown potential to induce rapid differentiation of progenitor cells into neurons, while suppressing the development of astrocytes, by encapsulating neural progenitor cells within a three-dimensional network of PA nanofibers that present the neurite-promoting laminin epitope IKVAV. 13 Additionally, PA nanofibers have demonstrated potential as a therapy for ischemic cardiovascular disease by mimicking the activity of VEGF, one of the most potent angiogenic signaling proteins.
14 By presenting VEGF-mimetic peptide sequences on the surface of the nanostructure, these structures induce phosphorylation of VEGF receptors and promote proangiogenic behavior in endothelial cells, and elicit an angiogenic response in the host vasculature in a chicken embryo assay. When evaluated in a mouse hind-limb ischemia model, the nanofibers increased tissue perfusion, functional recovery, limb salvage, and treadmill endurance compared to controls.
Beyond their assembly into nanofibers and related nanostructures, we have investigated the hierarchical assembly of PAs into macroscale configurations. One example is their assembly into macroscopic sacs and membranes at the interface between two aqueous solutions, one containing a PA and the other containing a high molecular weight polymer of opposite charge. The resulting structures have a highly ordered architecture in which a diffusion barrier forms almost instantaneously, followed by diffusion of the polymer into the PA solution, driven by a dynamic synergy between osmotic pressure of ions and static self-assembly, which results in fibrils that grow perpendicular to the membrane. 15, 16 Additionally, we have shown that long PA fibers can be aligned over macroscopic scales by annealing and manually dragging the resulting liquid crystal from a pipet into salty media, which can create monodomain viscoelastic strings over centimeters long. 17 Unsurprisingly, these noodle-shaped viscoelastic strings are highly bioactive; 17 for example, they can provide direction and promote the growth of neurites from neurons when formed with epitopedisplaying PAs.
■ SELF-ASSEMBLY PATHWAYS
An emerging theme in supramolecular systems is the importance of self-assembly pathways. While the assembly pathways of proteins are well-known to be critical to their correct folding and function, the analogous question regarding supramolecular systemseven those employing peptideshas not been widely explored. When supramolecular systems are designed, dominant interactions are typically targeted that would drive assembly under thermodynamic conditions. However, it has become apparent that these systems, like the more complicated proteins, frequently become kinetically trapped in local minima along the reaction coordinate. Moreover, the optimal function of supramolecular systems can be associated with kinetically trapped states and out-of-equilibrium systems, which may be interesting as "active matter" by dissipating energy from external stimuli.
Since controlling the structure of peptide amphiphile assemblies is critical for their function, investigating the pathways through which they assemble has become a topic of great interest. The first example of this effort, by Meijer and Stupp, utilized solvents that either solubilize the monomer (hexafluoroisopropanol, HFIP) or induce assembly (water). 19 It was observed that the assembly pathway of C 16 V 3 A 3 E 3 can determine the supramolecular morphology and assembly rate, with increasing HFIP concentration resulting in smaller aggregates that exhibit less β-sheet character and slower assembly kinetics. A volume ratio of 21% HFIP in water was the critical fraction that induced spontaneous nucleation of β-sheet-containing fibers, and these fibers were kinetically stable and did not disassemble upon addition of HFIP at room temperature. The Stupp laboratory has since sought to more fully measure and navigate the energy landscape of PA assembly in order to direct their architecture. 20 We explored the landscape of a PA with the sequence V 3 A 3 K 3 conjugated to a C 16 alkyl chain at the N-terminus (PA 1, Figure 1 ). 20 The main intermolecular forces that affect this structure are electrostatic repulsion between the positively charged lysine residues and hydrogen bonding among the β-sheet V 3 A 3 sequence. The strength of electrostatic repulsion can be reduced by increasing the ionic strength of the solution to screen the interactions between lysine residues, thus favoring β-sheet formation.
It was observed that the PA fibers behaved differently when a critical ionic strength (I c ) of 6 mM was reached, independent of whether the ionic strength was caused by the PAs themselves or added salt. This is most clear in the thermodynamic states obtained by annealing a PA solution: below the I c , fairly monodisperse fibers of about 150 nm in length form, whereas above the I c only exceptionally long fibers are visible ( Figure 2a left and right, respectively). Once annealed, these solutions can be perturbed away from their thermodynamic condition by adjusting the ionic strength through the addition of salt or dilution, which results in a change in the β-sheet character ( Figure 2b ) but little immediate change to the fiber structure. However, both fibers eventually revert back to the thermodynamic state. The short fibers grew into the thermodynamically favored long fibers over days at room temperature, suggesting a metastable state with a low barrier to conversion, whereas the long fibers were stable at room temperature for days but converted to the short fibers upon heating, suggesting a kinetically trapped state with an intermediate barrier to conversion (estimated at 170 kJ mol −1 using an Arrhenius plot). Together, these results allowed us to define two distinct energy landscapes dependent on the ionic strength of the solution, as shown in Figure 2c .
To explore the connection between the structure and function of these systems and their energy landscape, we studied how cells react to the structures obtained through the pathways described above. The thermodynamically favored long fibers promoted biological cell adhesion and survival, whereas the metastable product, characterized by short fibers, interferes with adhesion and can lead to cell death. Moving forward there is significant opportunity to develop functional supramolecular systems in which molecular building blocks can be controllably assembled into numerous supramolecular structures depending on the pathway followed.
■ DYNAMICS
Our interest in understanding the energy landscapes of peptide amphiphiles and the possible pathways between the assembled nanostructures naturally led us to explore the dynamics of these systems at the molecular level. Until recently experimental techniques have not been available that provide high spatial and temporal resolution on dynamics, thus limiting our knowledge of these processes to insights obtained through simulations. To better understand the intrinsic dynamics of PA assemblies, we undertook a quantitative study of the conformational dynamics of PAs 2 and 3, in which PA 3 has a N-methylated valine to reduce the hydrogen bonding within its assembled fibers (Figure 3a) . 21 Electron paramagnetic resonance (EPR) spectroscopy was used to investigate the PA molecular dynamics by incorporating small nitroxyl radical electron spin labels at specific sites (PAs 4−8). By carrying out quantitative EPR on nanofibers coassembled with 0.4% of the spin-labeled PA, rotational diffusion rates were determined at the labeled sites which allowed a measure of the internal dynamics. The internal structure changed from liquidlike to solidlike through the cross section of the supramolecular PA nanofiber, with solidlike behavior concentrated in the interior of the nanostructures near the highest densities of hydrogen bonds in β-sheet structures (Figure 3b) . Unsurprisingly, nanofibers that included PA 3 were more dynamic, which can be attributed to the reduced hydrogen bonding in these structures.
In addition to the internal molecular dynamics discussed above, there is also interest in understanding the dynamics of molecular exchange between PA nanostructures. This led us to explore the use of super-resolution microscopy techniques, which provide powerful tools to reveal the spatial distribution of molecules at the nanoscale. For example, stochastic optical reconstruction microscopy (STORM) can realize resolutions on the order of tens of nanometers, which is an order of magnitude below the diffraction limit of visible light and approaching the molecular scale. The resolution improvement is accomplished by repeatedly exciting a small proportion of fluorescent molecules associated with the sample, accurately mapping the individual fluorophores, and reconstructing an image by overlaying the resulting localizations. Thus far, these techniques have primarily been utilized for imaging fine details of cellular structures, but we suspected that the ability of STORM to image individual nanofibers and the molecular distributions within them would make it a powerful tool to study the molecular exchange of peptide amphiphile nanofibers. To do so, water-soluble sulfonated dyes (Cy3, green; Cy5, red) were conjugated to PAs consisting of a C 16 -tail, six alanines in the β-sheet forming region, and three glutamic acids to promote solubility as shown in Figure 4a . 22 Alanine has a weaker propensity to form β-sheets than valine, so using this amino acid in the β-sheet forming segment was anticipated to result in relatively dynamic PA nanostructures. To measure the exchange of PA molecules between fibers, two sets of single-color PA nanofibers were separately preassembled in aqueous buffer by mixing 5% of either PA 10 or 11 into PA 9, followed by aging at room temperature for 16 h. The two aged solutions were brought to 37°C and mixed, allowing for molecular exchange, as represented in Figure 4b . Two-color STORM images were then acquired of aliquots removed from the solution at different time points over 48 h. Figure 4c shows representative PA nanofibers 1 min and 48 h after mixing.
As clearly revealed in these images, the fibers initially containing a single label partially mix after only 1 min, and are completely mixed after 48 h.
The distribution of dyes inserting into initially single-color nanofibers was quantified using correlative image analysis. The results are consistent with an exchange mechanism in which monomers or small clusters of molecules insert randomly into a fiber, based on the histograms that show variable localization densities along the nanofiber backbone (Figure 4d ). Different exchange rates are observed within the same fiber, implying that areas of local cohesiveness exist that are perhaps caused by β-sheet discontinuous domains. The results show that these supramolecular systems are highly dynamic and that the intermolecular interactions affect their exchange mechanisms. The fundamental significance of this observation is that strong interactions within supramolecular nanostructures, like strong β-sheet hydrogen bonding, lead to exchange of clustered molecules, thus generating a large diversity of structures. This is in contrast to supramolecular nanostructures with weak intermolecular interactions, such as typical lipid spherical or wormlike micelles, where exchange occurs completely at the monomeric scale and any supramolecular structures are fairly homogeneous. This has implications for future strategies to search supramolecular libraries for systems with optimal functions, including capacity to bind specific molecules or even catalytic activity.
Building on the growing understanding of PA dynamics, there was a desire to further probe the impact of their internal dynamics on cells. Although the effects of hydrophobicity and cationic charge of soluble molecules on the cell membrane are well-known, the interactions between materials with these molecular features and cells remain poorly understood. To study these material−cell interactions, the forces were varied within nanofibers of PAs and it was found that this significantly impacts cell survival rates. 23 PA 12 forms fibers similar to those previously described, but demonstrated strong cytotoxicity and rapid cell death and thus provided a foundation to design molecules that improved cellular interactions (Figure 5a ). The cationic charge and hydrophobic tail were required for cell toxicity, as both the peptide sequence itself and anionic analogue of PA 12 were found to be nontoxic. The nontoxic nature of the anionic PA is perhaps due to electrostatic repulsion, as the cell surface is negatively charged due to the presence of glycoproteins and polysaccharide chains. Furthermore, reducing the amphiphilicity of the assembling molecules by either decreasing the alkyl tail length from 16 to 12 carbons or removing one lysine residue resulted in cell viability.
Although hydrophobicity and cationic charge influence the cytotoxicity of PA assemblies, the most striking difference was observed when modifying β-sheet hydrogen bonding among molecules within the nanostructure. PA 12 contains glycine residues and therefore has a relatively weak ability to hydrogen bond, whereas PA 13 contains valine residues, which have a higher propensity for strong β-sheet hydrogen bonding. Interestingly, cell toxicity diminished when cells were exposed to PA 13 nanofiber coatings as indicated by viability staining (Figure 5b ) and the lack of cytoplasmic enzyme lactate dehydrogenase release. These patterns in cell toxicity were observed across multiple cell types, including MC3T3-E1 preosteoblasts, MB-MDA-231 breast cancer cells, and primary human mesenchymal stem cells (hMSCs). We hypothesized that the cause of the toxicity of PA 12 may be an interaction with the cell membrane, which led us to study its interaction with liposomes. Liposomes made of egg phosphatidylcholine were unchanged in the presence of PA 13, but PA 12 destroyed the liposomes within a few minutes. Cryo-transmission electron microscopy (TEM) and differential scanning calorimetry of PAs with liposomes of dipalmitoyl-phosphatidylcholine showed PA 12 significantly perturbed the liposomes from their normal state, while PA 13 minimally changed their behavior. We concluded that weak intermolecular bonds promote cell death through disruption of lipid membranes, while materials reinforced by hydrogen bonds enable cell viability, thus providing insight for new strategies to design biomaterials that interact with the cell membrane.
Knowing that weak cohesive forces within a PA fiber can result in interactions with membranes, we sought to understand the influence that this phenomenon would have on signaling pathways and thus combined PAs with low concentrations of osteogenic growth factor. 24 In this case, PA 15, which has weaker internal hydrogen bonding due to the presence of glycine, resulted in enhanced BMP-2 and Wnt mediated signaling in myoblasts and osteogenic growth factor, respectively. Alternatively, PA 14, with a strong propensity for hydrogen bonding, caused a reduction in BMP-2 signaling. This is clearly shown in Figure 5d , in which the alkaline phosphatase activity was much higher in the presence of PA 15 compared with PA 14. We hypothesized that this is related to the ability for the PAs with weaker internal hydrogen bonding to increase diffusion within membrane lipid rafts, which was observed in the fluorescence recovery after photobleaching in live C2C12 cells. This work suggests that PAs and other nanostructures that can interact with cell membranes may provide a route to influence growth factor signaling.
■ COVALENT−NONCOVALENT HYBRID POLYMERIZATION
In addition to their use as a platform for studying supramolecular assembly, PAs have been used as a platform for developing advanced hybrid materials. We recently developed a polymeric system based on the first example of simultaneous covalent and noncovalent polymerization. The monomers used for covalent and supramolecular polymerization contained structurally matched peptide amphiphile segments. 25 An aromatic dialdehyde (monomer 16) and aromatic diamine (monomer 17) were conjugated to the VEVE sequence via a C 12 -alkyl linker (Figure 6a ). These two monomers are capable of forming imine bonds via a condensation reaction to polymerize covalently. When monomers 16 and 17 were mixed in a 1:1 ratio in aqueous solution at pH 5 to promote the condensation reaction, heterogeneous one-dimensional nanostructures were formed. The covalent polymer adopts a C 6 -helicoidal conformation stabilized by hydrogen bonds among the peptide segments, as well as π-π stacking interactions between aromatic groups (Figure 6b ). Monomer 18 is a PA that is isostructural with the side chains of monomers 16 and 17 (Figure 6a ), which can form ribbon-shaped supramolecular polymers as reported previously (Figure 6c) . 26 However, when monomers 16−18 were mixed simultaneously in a molar ratio of 1:1:2, onedimensional structures with a well-defined cylindrical shape formed, rather than the flat assemblies of the supramolecular polymer (Figure 6d,e) .
The supramolecular component (monomer 18) in these hybrid structures can be removed by dilution and dialysis, resulting in short fibers. Addition of fresh monomer 18 to the extracted sample reconstituted the long cylindrical morphology of the covalent-noncovalent hybrid, implying that the structure can regenerate itself. (Figure 7a,b) . The mechanism of the formation of the hybrid polymer was studied by circular dichroism (CD) spectroscopy, wherein the covalent-noncovalent polymer formed by mixing all three monomers simultaneously exhibited a faster increase in ellipticity than the components on their own, suggesting nucleation and growth involving simultaneous supramolecular and covalent polymerizations (Figure 7c ). The average molecular weight of the covalent-only polymer made of 16 and 17 was on the order of 14 kDa, but a much higher molecular weight of 250 kDa was measured for the covalent component of the covalent-noncovalent hybrid structure. This result supports the notion that formation of the supramolecular compartment in the hybrid effectively "catalyzes" covalent polymerization, which can perhaps be viewed as a rudimentary analog of how covalent peptide synthesis is "catalyzed" by ribosomes in vivo (Figure 7d ). In the ribosomal synthesis of proteins, covalent bonds among the amino acids occur in a highly structured supramolecular environment which not only templates the sequence of monomers, but must also contribute to favorable thermodynamics for efficient chain formation.
■ RECENT BIOMEDICAL APPLICATIONS OF PAs AND PEPTIDE-HYBRIDS
As previously mentioned, a key characteristic of PAs is their ability to display bioactive signals on their surface, which our group has exploited for many biomedical applications. 13, 14, 18 Adding to this, we recently conjugated a trisulfated monosaccharide to a PA using a flexible linker to mimic heparin sulfate. 27 The resulting nanofibers are able to bind five critical growth-factor proteins with different polysaccharide binding domains while maintaining their structure. These fibers dramatically increased signaling of bone morphogenetic protein 2 compared with natural heparin, and prompted bone regeneration in a rat posterolateral lumbar intertransverse spinal fusion model at doses 100-fold less than normally required.
In the implementation above and most other regenerative and oncological applications as highlighted in the Introduction, PAs are traditionally surgically localized in specific tissues for their application. More recently our group has initiated research on the use of PA nanostructures for intravenous systemic delivery containing molecular information to target therapies to specific sites of the body. For example, a targeted nanotherapy was designed for the treatment of noncompressible torso hemorrhage (i.e., bleeding that cannot be stopped by external compression), which is a leading cause of mortality in major trauma. 28 One tissue-factor binding sequence was found that reduced the overall blood loss in a punch biopsy-induced liver hemorrhage in vivo by 60% versus sham (p < 0.05) when covalently incorporated onto the nanofiber surface while maintaining biocompatibility. 28 In addition to our laboratory's work on PAs, we are interested in other peptide-hybrid structures with biomedical functions, such as neural stem cell differentiation. Inspired by the design of DNA nanotubes reported previously, 29 we developed a DNAbased nanotube conjugated to the cell-adhesion peptide arginineglycine-glutamic acid-serine (RGDS). 30 The RGDS peptide was attached to the s1a strand, resulting in nanotubes presenting a single peptide per tile with a periodicity of 14 nm along the tile axis and 4 nm around its circumference. Compared to the uncoated surface and nontube forming DNA−peptide aggregates, neural stem cells showed preferential differentiation into neurons rather than astrocytes with the DNA-peptide nanotubes.
The nanotube morphology and chemical signals may be synergistically responsible for the selective differentiation, with the regularly controlled spacing between RGDS signals perhaps also playing a role.
■ CONCLUSION/OUTLOOK
Expanding the potential of supramolecular peptide nanostructures for biomedical functions will benefit from many exciting new areas under development in chemistry and materials science. Among these is supramolecular dynamics within nanostructures, especially dynamics that can react to biological environments, causing a reconfiguration that changes or optimizes their function. There is certainly much more coming in the area of dynamics in future years. Another direction is to learn how to master precise spatial positioning of multiple signals within a peptide nanostructure. This area will advance as better imaging techniques are developed, and a deeper understanding of intermolecular interactions is achieved. A third direction is to enhance the power of synthetic chemistry by integrating it with the potent biological functions of peptide nanostructures and their self-assembly potential provided by billions of years of evolution. Potential areas of chemistry that could be effectively integrated into hybrid nanomaterials include synthetic macromolecules, nucleic acids, glycans, and nanoscale inorganics. This Account highlights the potential of supramolecular peptide nanotechnology in biomedical therapies that are very much on the horizon. Additionally, our intent was to convey the great scientific opportunity in using peptide assemblies to learn about supramolecular dynamics and the complex energy landscapes of large collections of molecules, particularly as they relate to useful functions. This will allow us to take full advantage of their unique potential in biomedical functions and chemical design of novel materials.
